Abstract. The Ni60A powder was clad on the copper by the laser through coaxial power feeding. The hardness and erosion resistance of the substrate and the cladding layer were measured and made contrasts. The morphology and the microstructures of the cladding layer were analyzed by scanning electronic microscopy as well as the microstructure of bonding interface. The contents of major elements in the bonding interface were studied by energy dispersive spectrometer. Moreover, large amount of (Cu and Ni) solid solution formed a metallurgic and tight bonding with the good dilution between the substrate and cladding layer.
Introduction
Due to the excellent electrical and thermal conductivity, copper is being widely used as crystallizer in continuous casting and rolling [1] . However, the low strength and wear resistance at high operating temperature limit its application. To solve this problem, electrodeposition and plasma spraying have been used to enhance the surface capability [2, 3, 4] . But the technology of electrodeposition and plasma spraying is difficult to control, the cost is high, the pollution is severe and the combination between coating layer and substrate is mechanical bonding, which limit its development space. Moreover, laser cladding is a promising surface treatment for technological applications with an excellent metallurgical bonding, no pollution, high productivity and low cost compared with electrodeposition and plasma spraying.
Nickel-based alloy has high wear resistance and relatively low cost. Because copper and nickel have the same face-centered cubic structure, a solid solution is easily formed over the entire composition range during laser cladding, resulting in a better metallurgical bonding between the cladding and the substrate. Furthermore, copper exhibits a similar thermal physical property as nickel. Thus, the addition of copper into a Ni-based alloy may be favorable for the reduction of interfacial cracks. In this study, a Ni-based alloy composed on Cu was selected as the cladding material.
The reports are scarce of laser cladding on copper and copper alloy because copper has the property with high thermal conductivity, low infiltration, firm oxide film, and high reflectivity to laser as well [2] [3] [4] [5] [6] [7] [8] [9] [10] . Liu pre-deposited the Nickel-based HMSP 1015-00 powder on the copper surface by plasma spraying, then remelted by steady plasma arc laser produced by a 5 kW transverse-flow CO 2 laser [11] .There exist many obvious pores which bring about stress concentration and reduce the quality of cladding layer.
Experimental
The substrate is copper with dimensions of 100×80×6 mm 3 (element shown as Fig. 1 and Fig.  2 ).The hardness of the copper is HB84-86 measured by HB-3000B Brinell hardness tester. The substrate surfaces were roughened by abrasive paper and cleaned by acetone. The powder was Ni60A and the elements were shown in Table 1 , the particle size of the powder was from -150-300 mesh. Table 1 Chemical composition of Ni60A
The powder was exsiccated in drying cabinet for 2 hours with the temperature of 100 °C and the copper was preheated to 900-950 °C by home-made preheater, subsequently, the powder was clad on the copper by coaxial powder feeding, then the copper was cooled to room-temperature with preheated in 30 minutes. In this study, the parameters were as follows: laser power, 1.3kw (GLS-IIIB CO2 laser); scanning speed, 3.0mm/s; laser beam diameter, 2.5mm; the ration of overlap, 20%; the thickness of each layer, 0.6-0.7mm; and the shielding gas, argon gas. The sample was cut as vertical to the scanning direction and parallel to the substrate surface separately, then the sections were polished and eroded by HF (10%) + HNO3 (90%). The microstructure and phase evolution of the cladding layers were characterized using metallographic microscope and scanning electron microscope (SEM).
Results and Discussion
Morphology of Cladding Layer. The morphology of cladding layer was smooth, uniform and continuous, and there was no deficiency such as cracks and pores, as shown in Fig. 3 . It explained that Ni60A powder has nice capability of formation and infiltration on copper substrate. In the experiment, the color of the cladding layer was silvery white as well as the section of sample, as shown in Fig. 4 . It indicated that the fusant of Ni60A could not be oxidized or the degree of oxidation was feeble, so the color of the cladding layer was same with nickel. Firstly, Argon gas played the role of protection in the process of cladding, which isolated direct contact between the fusant and air; secondly, the elements such as Si, B of Ni60A powder have the functions as strong deoxidation and self-fluxing to slag-precede to form low melting borosilicate with the oxygen in the powder and the oxide on the surface of sample, which covered the surface of melting pool to prevent the liquid metals from excess oxidizing [9] .
Hardness and Erosion Resistance. The hardness of the middle and upper of cladding layer was able to reach HRC62-64 measured by HT500 Rockwell hardometer, which was about nine times of that of the copper substrate. It illuminated that the wear resistant capability of cladding layer enhanced greatly compared to the substrate.
The salt spray tests to the substrate and cladding layer were made in the same environments: the substrate firstly be wax-sealed, then began to measure the erosion resistance of the cladding layer and the substrate in the standard salt spray condition (5%NaCl spray,35 °C). The results were that the substrate began to rust after 20 hours, and the cladding layer is 48 hours. Microstructure of Cladding Layer. The structures of the cladding layer consisted of a large amount of coarse spicules, a small amount of particles, massive matters and arborescent crystalss. The coarse spicules were phases of CrB, which were main precipitated phases of cladding layer; the particles were phases of Ni 3 B and the massive matters were precipitated phases of carbide. It was obvious that the nucleation was nonuniform because suspended matters or crystals remains with high melting point in the melting pool, on which the nonuniform crystal nucleus adhered to nucleate, as shown in Fig. 5 . The crystal structures of the cross-section was uniform, which was typical mesh frame, as shown in Fig. 6 . The whole cladding layer was the characters of densification, no pores, no cracks, which can provide strong protection to the substrate.
Microstructure of Bonding Interface. The bonding interface is not smooth but corrugativus or flexuose. Meanwhile, the substrate and cladding layer realized the metallurgic bonding and there were no visible cracks, as shown in Fig. 7 . The irregular bonding interface was complex and the reasons were as followings:
a) The distribution of laser energy was not equal, which caused the temperature was different in the melting pool.
b) Because compactness of substrate was not uniform, there exist pores and holes in the surface.
c) The temperature of the fused mass fluctuated in the process of convection movement, or the separation and growth of hard granules have changed the heat flow in partial area and the distribution of fused mass.
The micrograph of scanning electronic microscope (SEM) presented the characters of directional and fast solidification. There was a single-layer flat of fine crystals in the narrow interface between the cladding layer and the substrate. These nucleuses have grown towards to melting pool vertical to the interface, then the microstructure of cladding layer became to cellular crystalline and at last they became to dendrite with the distance increasing to the interface. Because temperature gradient G Fig. 11 showed the EDS and the thickness distribution of each element in the bonding interface. There were the elements of powder in the substrate and element copper in the bottom of cladding layer. The bonding interface comprised of elements such as Cu, Ni, Fe, Cr and Si. Furthermore, the content of each element changed with gradient. These indicated that the substrate and the cladding layer were diluted by each other and the elements infiltrated to each other. The bonding interface with metallurgic and tight combination was obtained. 
Conclusions
(1) Through cladding Ni60A on the copper by the laser through coaxial power feeding, the morphology of cladding layer was smooth, uniform and continuous and there was no deficiency, which was able to provide strong protection to the substrate; the microstructure had the character of epitaxial growth concerned from arborescent crystal development and nonuniform nucleation concerned from crystal nucleation and growth. 
